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E-mail address: javier.llorca@upm.es (J. LLorca).The micromechanisms of deformation and fracture in tension were analyzed in a commercial polypro-
pylene nonwoven geotextile material in a wide range of strain rates. Two different loading scenarios
(smooth and notched specimens) were considered to study how these mechanisms are modiﬁed in
presence of a stress concentration. The nonwoven fabric presented signiﬁcant deformability and
energy-absorption capability, which decreased with the strain rate, together with a high level of
strength, which increased with strain rate. In addition, the material was notch-insensitive as the
stress concentration around the crack tip was relieved by marked nonlinear behavior, which induced
crack blunting. Different experimental techniques (standard mechanical tests, in situ testing within
the scanning electron microscope, digital image correlation, etc.) were used to establish the sequence
of deformation and failure processes and to link these micromechanisms with the macroscopic
behavior.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
In the current stage of technological development, the stron-
gest materials are fabricated as structures of high aspect ratio
and very small diameter (in the range of nm to lm). Nanotubes,
nanoﬁbers and microﬁbers are not used individually for engi-
neering applications but in the form of bundles or as woven
or nonwoven fabrics. The mechanical behavior of fabrics de-
pends on the microstructure and on the dominant deformation
and fracture micromechanisms, which are very different for wo-
ven and non woven materials. Most of the relevant work in this
area has been carried out for woven fabrics, whose regular
microstructure is easier to understand and analyze (Buet-Gautier
and Boisse, 2001; Bahei-El-Din et al., 2004; Boisse et al., 2005;
Lomov et al., 2007; Cao et al., 2008; Badel et al., 2008; Khan
et al., 2010). Conversely, nonwoven fabrics tend to present a
random microstructure as they are manufactured from a set of
disordered ﬁbers consolidated by bonds of different nature, such
as simple entanglement, local thermal fusion or chemical bind-
ers. A typical example of this kind of material is paper, which
is made up of cellulose ﬁbers linked by hydrogen bonds, though
the industrial applications of these materials have grown very
rapidly in recent years with the incorporation of new ﬁbers
and consolidation processes. These include ballistic protection,
thermal insulation, liquid-absorbing textiles, ﬁreproof layers,ll rights reserved.
+34 1 543 78 45.geotextiles for soil reinforcement, etc. (Russell, 2007). In addi-
tion, new materials based on this concept have emerged recently
as a consequence of its structural analogy with biological tissues
and the advent of ﬁbers with reduced manipulability. Good
examples of these latter developments can be found in nanotube
sheets (Berhan et al., 2004a,b, Berhan and Sastry, 2007) or in
nanoﬁber felts directly produced by electrospinning (Dzenis,
2004).
The mechanical performance of nonwoven fabrics is quite dif-
ferent from their woven counterparts. In particular, they present
lower stiffness and strength, but their deformation capability
and energy absorption during deformation is far greater. This is
due to the dominant deformation and failure mechanisms in non-
woven fabrics, which include straightening of curved ﬁbers, large
deformation and rotation of the ﬁbers as well as bond breakage,
ﬁber sliding and fracture. However, the detailed analysis of these
processes has been limited to paper (Bronkhorst, 2003; Hägglund
and Isaksson, 2006; Isaksson et al., 2006, 2004), which is an
important albeit very particular type of nonwoven and, more re-
cently, to glass-ﬁber felts (Ridruejo et al., 2010, 2011). In the case
of nonwovens made up of polyoleﬁn ﬁbers, most of the results in
the open literature on the mechanical behavior come from mar-
ket-oriented manufacturers, which emphasize the material per-
formance rather than the micromechanisms of deformation and
fracture. Investigations into the relationship between the micro-
structure and the macroscopic properties were limited to assess-
ing the inﬂuence of critical processing parameters (ﬁber
orientation, bonding strength, density) on the macroscopic
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2004; Mattu et al., 2002; Hou et al., 2009; Kim and Pourdeyhimi,
2001). Nevertheless, from a fundamental viewpoint, it is impor-
tant to experimentally establish the actual sequence of deforma-
tion and failure processes which control the behavior of this class
of material. This is critical in order to understand the behavior of
these materials and to develop continuum models which can
accurately reproduce their performance.
In this paper, this task is accomplished in a commercial poly-
propylene nonwoven material using various experimental tech-
niques (in situ testing within the scanning electron microscope,
digital image correlation, standard mechanical tests, etc.) to estab-
lish the inﬂuence of the constituent properties (ﬁbers and bonds)
and of the sequence of deformation and failure processes on the
macroscopic behavior of these materials. Two different loading
scenarios (smooth and notched specimens subjected to tension)
were considered to study how these mechanisms are modiﬁed in
presence of a stress concentration.
2. Material
The nonwoven material under study was a geotextile made of
polypropylene ﬁbers (commercial trade name Typar SF32) manu-
factured by Du Pont de Nemours. The polypropylene ﬁbers were
extruded and then stretched to increase crystallinity, resulting
in ﬁbers of 40–60 lm in diameter (Fig. 1a). The continuous spun
ﬁbers were then laid down randomly on a ﬂat surface producing
an isotropic ﬁber web sheet which was then bonded by the
simultaneous application of pressure and heat. The ﬁbers typi-
cally appear as isolated, although it is not infrequent that they
form bundles of 2, 3 or even 4 ﬁbers (Fig. 1b). Partial fusion be-
tween ﬁbers at the entanglement points is normally observed.Fig. 1. (a) Polypropylene ﬁbers, (b) isolated ﬁbers and ﬁber bundles within the nonwThe overall view of the nonwoven fabric at a larger scale shows
an isotropic microstructure (Fig. 1c).3. Experimental techniques
The goal of this work was to study the mechanical behavior and
associated micromechanisms of the nonwoven fabric described
above. To this end, the mechanical properties of isolated ﬁbers
and fabrics were measured.
Individual ﬁbers were extracted from the felts by carefully pull-
ing with tweezers. Fibers were glued on a cardboard frame and
ﬁxed to a mechanical testing machine for tensile tests with a gage
length of 20 mm. The load was exerted on the ﬁber after cutting
the cardboard. The load carried by the ﬁbers was measured with
a balance or a load cell, both with ±1 mN resolution. Fiber elonga-
tion was determined as the cross-head displacement, since the
machine compliance was negligible as compared with the ﬁber.
The cross-head speed was constant and equal to 0.03 mm/s or
1 mm/s. Engineering strains were computed as the ﬁber elongation
divided by the initial length. Nominal stresses were obtained from
the load and the initial ﬁber diameter, assuming a circular section.
The ﬁber diameter was accurately measured in an optical micro-
scope prior to testing.
The fabric microstructure was observed by means of a proﬁle
projector (Nikon V12B) and a conventional optical microscope (Ni-
kon Metaphot). Polarized light and sample dyeing enhanced the
image contrast to a large extent. The ﬁbers did not show a prefer-
ential orientation in any case. The areal density of the felt was ob-
tained on rectangular coupons of 150 mm  200 mm from direct
mass measurements with an analytical balance and the dimen-
sions of the specimens.oven microstructure, and (c) overall microstructure of the nonwoven material.
Table 1
Mechanical properties of polypropylene ﬁbers extracted from the nonwoven fabric.
Strain rate (s1) Number of tests Ef (GPa) rf (MPa) f
1.5  103 15 1.7 ± 0.1 240 ± 10 1.4 ± 0.1
5.0  102 8 1.9 ± 0.8 280 ± 10 1.24 ± 0.02
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Fig. 3. Representative nominal stress vs. engineering strain for the rectangular
specimens loaded in tension at a nominal strain rate of 8.0  103 s1. The
deformed fabric at the points marked with a, b, c and d in one of the curves is shown
in Figs. 4a, b, c and d, respectively.
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width, following EN ISO 10319 standard, were cut from the rolls
to measure the mechanical properties under uniaxial tension.
Samples oriented in the rolling and transverse direction of the
fabrics were tested. Special grips made of two steel beams with
a canal were used to load the specimens. The grips were con-
nected to the actuator of the mechanical testing machine
through a mechanical hinge to eliminate bending stresses. The
ends of the coupon were inserted into the canal and clamped be-
tween two steel plates protected with rubber to avoid cutting
the fabric. The clamping force was exerted by bolts distributed
along the beam. The steel grips were connected to the actuator
and the load cell of a mechanical testing machine. Tests were
carried out under stroke control at cross-head speeds of 0.01,
0.8 and 10 mm/s. The load was measured with a 5 kN load cell
and it was recorded continuously during the test together with
the cross-head displacement. In addition, the deformation pat-
tern on the specimen surface was obtained by means of digital
image correlation using commercial software (VIC 2D) (Totry
et al., 2009, 2010). The destruction of the pattern at strains
around 25% prevented the analysis from being carried out until
test completion, but it was possible to reach close to the maxi-
mum strength. Notch sensitivity was studied in specimens of the
same dimensions (100  200 mm2), in which a central notch was
cut with a standard steel blade. Notch length was equal to 20%,
40% or 60% of the sample width.
Small coupons of 15 mm in height and 10 mm in width were
used to study the damage micromechanisms. To this end, they
were coated with gold by sputtering and clamped by screwing
steel plates to the yokes attached to the load cell and actuator of
a micro-electro-mechanical testing machine (Kammrath & Weiss’
Tensile/Compression Stage) inside a scanning electron microscope
(Zeiss EVO MA-15). The testing area for the specimen was
10 mm  10 mm and it was loaded in tension at a cross-head
speed of 250 lm/min. Micrographs of the central zone of the unde-
formed fabric were taken at 50, 100 and 200 magniﬁcation.
The actuator was stopped at intervals of 250 lm and micrographs
of the previously selected area were taken at the same magniﬁca-
tion. When the nominal strain reached 60%, micrographs were ta-
ken every 500 lm. The test concluded at 100% nominal strain. Load
was not recorded because actual load signal (up to 60 N) could not
be distinguished from the background noise, given the fact that the
load cell was designed for a maximum load of 10 kN.0
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Fig. 2. Tensile properties of polypropylene ﬁbers extracted from the fabric and deform
strain and (b) true stress vs. logarithmic strain.4. Results and discussion
4.1. Single ﬁbers
Representative tensile stress–strain curves of the ﬁbers ex-
tracted from the felts are plotted in Fig. 2. If X0 and l0 stand for
the initial section and length of the ﬁber, andX and lwere the cur-0
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ed at a nominal strain rate of 1.5  103 s1. (a) Engineering stress vs. engineering
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and strain were given, respectively, by P/X0 and l/l01. The true
stress and the logarithmic strain were computed as P/X = Pl/X0l0
and ln(l/l0) under the hypothesis that deformation took place at
constant volume. The true stress vs. logarithmic strain curve pre-
sents the sigmoidal shape typical of thermoplastic elastomers, in
which progressive straightening of the polymeric chains upon
deformation leads to a marked strain hardening. Fiber fracture
was brittle and occurred after extensive deformation (100–200%).
The average values of the elastic modulus, Ef, engineering tensile
strength, rf and strain-to-failure, f as well as the standard devia-
tion can be found in Table 1 for the ﬁbers tested at low and high
strain rates. Increasing the strain rate by a factor of 33 only led
to a slight improvement of the elastic modulus and the engineering
tensile strength (around 10–15%) and to a similar reduction in the
strain-to-failure. It should be noted that these properties are with-
in the range of values reported in the literature for ﬁber-grade
polypropylene (MatWeb, Material Property Database, 2010), indi-
cating that neither the extraction process nor the manipulation de-
graded the ﬁber properties.
4.2. Unnotched samples
Two representative curves of the mechanical behavior of the
unnotched samples subjected to uniaxial tension at a nominal
strain rate of 8.0  103 s1 are plotted in Fig. 3. They show the
evolution of the nominal stress (expressed in terms of force per
unit width) as a function of the engineering strain. Close to the ori-
gin, the curve presents a J-shape which cannot be observed at the
present scale. After a short linear region, the curves presented aFig. 4. Deformation pattern of the rectangular specimen subjected to different nominal
localization of fracture.marked nonlinear behavior and the maximum load carrying capac-
ity was attained at engineering strains of the order of 30–40%.
Afterwards, two different post-peak behaviors were found. The
ﬁrst one was characterized by a gradual reduction of the stress
borne by the fabric while the second presented one (or, sometimes,
two) abrupt reductions in stress, associated to the sudden localiza-
tion of damage. Both curves presented a long tail as the stresses
carried by the fabric were reduced to zero at engineering strains
above 100%. The ability to maintain a signiﬁcant load carrying
capability at large strains is undoubtedly the most relevant feature
of this material, which automatically implies a very high capability
of energy absorption during the deformation.
The evolution of the shape of the rectangular specimens upon
loading is shown in the images taken at various nominal strains
(Fig. 4). The regular pattern drawn on the specimen surface, to-
gether with the natural roughness of the fabric, was used to carry
out a full-ﬁeld measurement on the nominal strains using digital
image correlation. Unfortunately, the pattern lines fade as strain
increases, and the full-ﬁeld measurements could not go beyond
nominal strains of 25%, which corresponds to 95% of the nominal
strength. Due to the large deformations and the gripping system
(horizontal displacements are restricted at fabric upper and lower
boundaries), the rectangular specimen adopted an hourglass
shape. The magnitude of this hourglass effect could be estimated
by the ratio between the actual specimen width at the narrowest
central section and the actual specimen height, which remained
constant and equal to 0.35 during the test. Under these conditions,
the analysis of the vertical strain pattern by digital image correla-
tion showed that it was relatively homogeneous in the central sec-
tion of the specimen up to nominal strains of 15% (Fig. 5a). Strainstrains. (a) 15%, (b) 25%, (c) 46.5%, and (d) 47%, corresponding to the instant after
Fig. 5. Contour plot of the nominal vertical strain within a rectangular region at the
center of the specimen at different nominal applied strains. (a) 15%, (b) 20%, and (c)
26%. The contour plots correspond to the specimen in Fig. 4.
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Fig. 6. Nominal stress vs. engineering strain of a rectangular specimen subjected to
successive unloading–reloading cycles during tensile deformation. Tests were
carried out at a nominal strain rate of 8.0  103 s1.
0
0.2
0.4
0.6
0.8
1
0 0.1 0.2 0.3 0.4 0.5
D
 =
 1
- E
re
lo
ad
/E
0
Permanent engineering strain
Fig. 7. Evolution of the damage parameter D = 1  E/E0 as a function of the
permanent, irrecoverable engineering strain for three different specimens.
A. Ridruejo et al. / International Journal of Solids and Structures 48 (2011) 153–162 157localization in the region near the center of the specimen started
shortly afterwards and it was evident at nominal strains of 20%.
The precise area of strain localization was very likely dictated by
the fabric ‘‘cloudiness”—i.e., density ﬂuctuations—, which control
the area where damage begins. Strain localization in this area in-
creased rapidly upon deformation (Fig. 5c), leading to the nucle-
ation of a macroscopic instability at a nominal strain of 47%. It
is worth nothing that the photographs of the fabric were not able
to discover the localization of the strain prior to fracture, while dig-
ital image correlation did reveal the progressive strain localization
during deformation.
In order to analyze the evolution of damage during deformation
from a different perspective, an additional set of tests was carried
out in which the samples were subjected to successive unloading–
reloading cycles (Fig. 6). Some general features are apparent.Firstly, permanent deformations are considerable and they appear
early during deformation. Secondly, there are large hysteresis
loops. The unloading part of the loop exhibits an initial drop in
stress which gradually transforms into a steady decline, and ap-
proaches the horizontal axis with a small slope. This reduced stiff-
ness of the fabric when approaching zero load can be due to the
development of ﬁber buckling in compressed ﬁbers. Upon reload-
ing, however, the slope of the stress–strain curve is signiﬁcantly
higher and the behavior of the fabric can be rapidly approximated
by a straight line whose slope decreases with deformation. All
these effects have to be closely related to the actual deformation
and damage micromechanisms. Permanent strains have to be
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Fig. 8. Nominal stress vs. engineering strain for the rectangular specimens loaded in tension. (a) Nominal strain rate of 104 s1, (b) nominal strain rate of 101 s1.
Table 2
Mechanical properties under uniaxial tension of Typar 32SF nonwoven fabric in the
rolling and transverse directions at different strain rates. The felt areal density was
118 ± 2 g/m2.
Nominal strain rate
(s1)
Orientation Es10 (kN/m) Sf (kN/m) Wabs (kJ/m2)
104 Rolling 31.5 ± 0.7 5.3 ± 0.1 5.0 ± 0.2
8.0  103 Rolling 37 ± 6 6.3 ± 0.3 4.8 ± 0.4
8.0  103 Transverse 42 ± 6 6.2 ± 0.3 5.3 ± 0.4
101 Rolling 47 ± 1.5 7.7 ± 0.4 2.6 ± 0.4
Fig. 9. Micrographs of the nonwoven fabric during tensile testing within the
scanning electron microscope. (a) Evidence of bond fracture at 2.5% nominal strain.
The debonded ﬁber surfaces (which are not coated with gold) showed white spots
due to electrical charging. (b) Fibers oriented along loading direction underwent
plastic deformation, as shown by the development of cracks on the gold coating
(marked with arrows). Nominal strain of 30%. Loading direction was vertical.
158 A. Ridruejo et al. / International Journal of Solids and Structures 48 (2011) 153–162induced by non-recoverable mechanisms, such as ﬁber plastic
deformation or changes in the structure of the felt (ﬁber straight-
ening and reorientation, ﬁber fracture or bond breakage). The
reduction in the fabric stiffness with deformation is obviously
associated to damage, either by ﬁber fracture or bond breakage.
It should be ﬁnally noted that the width of the hysteresis loops
during unloading–reloading increased with deformation. The dif-
ferent behavior under unloading and reloading can be initially
attributed to two main causes: ﬁber buckling in compression and
frictional sliding between ﬁbers whose bond was broken during
deformation. Both mechanisms are expected to play a more impor-
tant role with deformation because bond breakage increases the
average ﬁber length between bonds and reduces the critical load
for buckling in compression.
A standard measure of the damage evolution is the stiffness
reduction during deformation, given by the ratio E/E0 where E is
the stiffness upon reloading after the specimen has been deformed
up to a given strain and E0 the initial stiffness. The corresponding
damage parameter D = 1  E/E0 is plotted in Fig. 7 as a function
of the permanent, irrecoverable engineering strain for three differ-
ent specimens. They show that damage grew very quickly in the
ﬁrst stages of deformation and D approached 0.7 for permanent
strains of 0.1, which correspond roughly to the nominal strength.
Damage continued increasing afterwards although at a lower rate
and reached values close to 0.9 when the material had reduced
its load carrying capacity to 30% of the nominal strength.
As the mechanical properties of polypropylene ﬁbers depend on
the strain rate, mechanical tests were carried out at lower
(104 s1) and higher nominal strain rates (101 s1) on rectangu-
lar samples of the same dimensions. The corresponding nominal
stress vs. engineering strain curves are plotted in Fig. 8 and theypresented signiﬁcant differences. Specimens tested at low strain
rates showed a higher degree of non-linearity before the maximum
Fig. 10. Deformation and damage micromechanisms in the nonwoven fabric during tensile testing. (a) 0% nominal strain, (b) 20% nominal strain, (c) 40% nominal strain, and
(d) 100% nominal strain. Loading direction was vertical.
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tested at 101 s1 were stiffer and their nominal strength was
higher and attained at lower strains. Fracture after the maximum
load was always abrupt, associated to the sudden localization of
damage. The secant elastic modulus at 10% strain, Es10, the nominal
strength, Sf, and the energy absorbed during fracture, Wabs, could
be obtained from these curves, the latter determined as the area
under the nominal stress–strain curve. The average values and
the standard deviation can be found in Table 2 for the specimens
tested at three different strain rates. They were obtained from 12
samples (in each orientation) at 8.0  103 s1, while only four
specimens were tested at higher or lower strain rates. The results
of the Table conﬁrm qualitative observations from Fig. 8. The mate-
rial becomes stiffer and stronger with strain rate but reduces its
energy absorption capability, i.e. the energy spent to fracture the
material decreased by a factor of 2 as the strain rate increased from
104 to 101 s1. Table 2 also includes the results corresponding to
the rolling and transverse orientations for the specimens tested at
8.0  103 s1. No differences were found in the mechanical prop-
erties or in the fracture micromechanisms between both orienta-
tions, in agreement with the isotropic nature of the fabric.0 1 2 3 4 5
Engineering strain
Fig. 11. Nominal stress vs. engineering strain curves of notched specimens loaded
in tension at a nominal strain rate of 8.0  103 s1.4.3. Deformation and failure micromechanisms
In order to ascertain the actual damage micromechanisms, ten-
sile tests were carried out within the scanning electron microscope
as described above at a nominal strain rate of 4.2  104 s1. They
revealed that bond fracture started at very early stages (2.5% of
nominal strain) during deformation and was responsible for the ra-
pid degradation of the fabric stiffness (Fig. 9a) because of the col-
lective ﬁber reorientation triggered by bond breakage, which
manifests itself as the main damage micromechanism. Once theﬁbers were aligned along the loading direction, they underwent
plastic deformation, as shown by the cracking and peeling of the
metallic coating (Fig. 9b). Fiber fracture was rarely seen during
in situ tests in the scanning electron microscope. Nevertheless, it
cannot be ruled out that it played an important role in the last
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Fig. 12. Inﬂuence of the initial notch length, a0 (normalized by the specimen width,
W on the nominal strength s0 (normalized by the strength of the unnotched
samples, s).
Fig. 13. Deformation pattern of a notched polypropylene fabric tested at a nominal
strain rate of 8.0  103 s1. The initial crack length was 60% of the specimen width.
160 A. Ridruejo et al. / International Journal of Solids and Structures 48 (2011) 153–162stages of deformation, after the localization of damage, when the
residual strength of the fabric load was basically provided by the
surviving aligned ﬁbers in an increasingly sparse felt.
Accordingly, damage in polypropylene nonwoven fabrics tested
at intermediate or low strain rates (<102 s1) began by the frac-
ture of interﬁber bonds at very low strains, which promoted rear-
rangement of the ﬁber orientation and a reduction in the fabric
stiffness. This process (bond breakage and ﬁber reorientation) con-
tinued upon loading, leading to a rapid reduction in the fabric stiff-
ness and to a marked nonlinearity in the stress–strain curve
behavior. The maximum load was attained under these conditions
without any evidence of ﬁber fracture although ﬁbers oriented in
the loading direction underwent plastic deformation. Further bond
breakage led to the localization of damage in the fabric, leading to
the development of a fracture zone made up of ﬁbers aligned in the
loading direction in a sparse felt. This sequence of events can be
followed in Fig. 10, which shows several micrographs of the same
region of nonwoven fabric obtained at increasing values of the ap-
plied strain. It should be noted at this point that the micromecha-
nisms of deformation and fracture observed in the small coupons
tested in the scanning electron microscope may differ slightly from
those of larger samples. This may be due to the presence of ﬁbers
clamped at both ends as well as of ﬁbers which exit the sample
through both lateral free edges. Both situations limit the ability
of the ﬁber to change in orientation upon deformation, and may
change quantitatively the load bearing capacity of the specimen,
but they did not modify substantially the dominant deformation
and damage processes.
The nonwoven fabrics tested at high strain rates showed a sig-
niﬁcant increase in strength and stiffness and the corresponding
reduction in deformability and energy-absorption capability. These
differences could not be attributed to changes in the ﬁber proper-
ties with strain rate (see Table 1) and were caused by the sequence
of damage events upon loading. At low strain rates, damage devel-
oped following the sequence bond breakage ? ﬁber reorientation
? bond breakage ? ﬁber reorientation and so forth leading to a
marked nonlinear behavior. However, there was not enough time
for the collective ﬁber rearrangement after bond fracture in thespecimens tested at high strain rates (102 s1). As a result, the
load was taken up by the unbroken interﬁber bonds, leading to a
stiffer behavior, which ended abruptly by the massive fracture of
interﬁber bonds at a critical load. After this event, damage was
localized in the fabric resulting in an abrupt reduction of the load
bearing capacity. The new ﬁber network was able to take up more
load upon further straining until another critical point was at-
tained with the fracture of many interﬁber bonds. This process
was repeated two or three times, leading to a serrated stress–strain
curve (Fig. 8b). Under these conditions, the nonwoven fabric pre-
sented higher stiffness and strength (because the number of bro-
ken interﬁber bonds was smaller before the maximum load) but
the localization of damage due to the successive avalanches of
bond fracture reduced the energy-absorption capability of the fab-
ric in the post-peak regime.
4.4. Notch sensitivity
The excellent load-carrying capability of the polypropylene fab-
ric at large strains suggests good fracture properties. In order to
check the notch sensitivity of the material, tensile tests were car-
ried out in rectangular specimens with central notches whose
length was equal to 20%, 40% and 60% of the specimen width. Tests
were performed at a nominal strain rate of 8.0  103 s1 and the
corresponding nominal stress vs. engineering strain curves are
plotted in Fig. 11. Regardless of the initial notch size, all the sam-
ples presented a similar behavior. The maximum in the load-carry-
ing capacity was attained after signiﬁcant non-linear deformation
and the samples presented a gradual or abrupt reduction in
strength after the peak load. All curves presented a long tail as
the stresses carried by the fabric were reduced to zero at engineer-
ing strains between 100% and 200%.
Notch sensitive materials present a reduction in strength higher
than the reduction in section in the presence of a crack. Polypro-
pylene nonwoven fabrics presented, however, a notch-insensitive
behavior, and the average value of the nominal strength (s) was
proportional to the intact ligament section in the specimens
(1  a0/W) following
s
s0
¼ 1 a0
W
ð1Þ
where s0 is the nominal strength of the unnotched samples and a0
andW stand for the initial crack length and the specimenW, respec-
tively (Fig. 12). This notch-insensitive behavior was also reported
on other nonwoven fabrics with an open (sparse) microstructure
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large initial notch lengths were necessary to ensure that localization
of fracture took place in front of the notch (Hägglund and Isaksson,
2006; Ridruejo et al., 2010). These fabrics—as opposed to the poly-
propylene felts—were linear elastic until fracture and presented
limited ductility. Fracture localized immediately after the maxi-
mum load, leading to a long tail in the stress–strain curve as a result
of the energy dissipation by friction between ﬁber bundles. The
notch-insensitive behavior in these materials was attributed to
the synergistic contribution of two mechanisms. From a microstruc-
tural viewpoint, the variability in the stresses carried by the bonds
and in the bond strength led to the presence of weak paths through-
out the network and the fracture path was not controlled by the
notch position. In addition, they exhibited an open network struc-
ture, which limited the stress concentration around the notch tip
because the stresses localized in particular ﬁber bundles which
transfer the load away from the notch tip. Thus, the stresses in
the ligaments in front of the notch tips were rather homogeneous
at the maximum load (Ridruejo et al., 2010; Isaksson and Hägglund,
2009), limiting the ability of the crack to effectively localize
damage.
In the case of the polypropylene fabrics, damage always local-
ized in front of the crack tip and the mechanisms mentioned in
the previous paragraph (typical of brittle felt) was not operative.
On the contrary, its large nonlinear deformation capability led to
a complete blunting of the crack, reducing the stress concentration
at the tips (Fig. 13). Damage in front of the notch tips followed the
same sequence as in the smooth samples: bond fracture, followed
by ﬁber reorientation, plastic deformation of the ﬁbers and further
bond fracture, and ﬁnally to the localization of damage in a wide
region with sparse density in which the ﬁbers were oriented along
the loading axis. Thus, load was channeled through the ligaments
in front of both notch tips, without any noticeable difference with
respect to the unnotched specimens.
As shown above, the polypropylene fabrics lost part of their
ductility and energy absorption capability when tested at high
strain rates, and this could inﬂuence the notch sensitivity of the
material. To check this, tests were carried out at a nominal strain
of 101 s1 in samples with a0/W = 0.6. The nominal strength of
the notched samples (normalized by the strength of the unnotched
specimens tested at the same strain rate) was also plotted in
Fig. 12, and showed a slight notch sensitivity owing to the reduc-
tion in the strain at maximum load and deformability of the fabric
before damage localization. Nevertheless, the polypropylene non-
woven fabric could be considered a fairly notch-insensitive mate-
rial even when loaded at high rates of strain.5. Conclusions
The mechanisms of deformation and fracture under uniaxial
tension were studied in a thermally-bonded polypropylene non-
woven fabric. The material was manufactured from polypropylene
ﬁbers which were randomly deposited on a ﬂat surface and then
consolidated by the simultaneous application of heat and pressure.
Rectangular coupons were tested under tension at various strain
rates in the range 104 s1 to 101 s1 and the dominant mecha-
nisms of deformation and fracture were analyzed using different
experimental techniques. It was found that damage began at very
low strains by fracture of interﬁber bonds, which caused rear-
rangement of the ﬁber orientation and the reduction in the fabric
stiffness. This process (bond breakage and ﬁber reorientation) con-
tinued upon loading, leading to a rapid reduction in the fabric stiff-
ness and to a marked nonlinearity in the stress–strain curve
behavior. The maximum load was attained under these conditions
without any evidence of ﬁber fracture although ﬁbers oriented inthe loading direction underwent plastic deformation. Further bond
breakage resulted in the localization of damage within the fabric,
leading to the development of a fracture zone of sparse fabric
mainly made up by ﬁbers aligned in the loading direction. These
mechanisms were responsible for the considerable deformability
and energy-absorption capability of the fabric, which also pre-
sented an excellent strength and was notch-insensitive. In particu-
lar, the stress concentration around the crack tip was relieved by
the signiﬁcant non-linear behavior, which led to a complete blunt-
ing of the crack.
The mechanisms of deformation and fracture were not substan-
tially altered by the strain rate within the experimental range
(104 s1 to 101 s1) but the strength increased with strain rate
while the strain at maximum load and energy-absorption capabil-
ity decreased. These differences were caused by changes in the se-
quence of damage events upon loading because there was not
enough time for the collective ﬁber rearrangement after bond frac-
ture in the specimens tested at high strain rates. Therefore, the
load was taken up by the unbroken interﬁber bonds, leading to a
stiffer behavior, which ended abruptly by the massive fracture of
interﬁber bonds at a critical load, resulting in the localization of
damage within the fabric at lower strains.Acknowledgments
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